This study tested the hypothesis that oocyte aging could be prevented for a longer time by reducing the culture temperature while supplementing the culture medium with more pyruvate. Newly ovulated mouse oocytes were cultured at various temperatures for various times in HCZB medium (Kimura and Yanagimachi, Biol Reprod 1995; 52:709-720) containing various concentrations of pyruvate before examining for aging parameters and developmental potential. The increase in susceptibility to activating stimuli was efficiently prevented when oocytes were cultured in HCZB with 10.27 mM pyruvate at 378C for 6 h, 258C for 24 h, 158C for 96 h, and 58C for 48 h. Satisfactory blastocyst development of both parthenotes and fertilized zygotes was achieved after oocyte culture in HCZB containing 10.27 mM pyruvate at 378C for 6 h, 258C for 24 h, 158C for 36 h, and 58C for 24 h. Transfer of two-cell embryos or blastocysts showed no difference between newly ovulated control oocytes and oocytes cultured at 158C for 36 h in either term pregnancy, live young per pregnant recipient, live young/transferred embryos, or birth weight of young. Oocytes with impaired developmental potential after culture at 158C for 96 h and at 58C for 48 h showed unrecoverable decreases in the content of glutathione, the glutathione/oxidized glutathione ratio, the BCL2 content, and in the numbers of oocytes with normal spindles and cortical granule distribution, suggesting induction of oxidative stress, which caused oocyte apoptosis and cytoskeleton alterations by downregulating BCL2. Because oocytes cultured at 158C for 36 h were activated or fertilized after a 6-h recovery culture, aging of ovulated mouse oocytes has been successfully prevented for 42 h without impairing their developmental potential.
INTRODUCTION
Mammalian oocytes are arrested at meiotic metaphase II (MII) following ovulation until they are activated by penetrating spermatozoa. If not fertilized in time, the ovulated oocytes undergo a time-dependent process of aging [1, 2] . Oocyte aging after ovulation significantly affects embryo development [3] [4] [5] [6] . In vivo fertilization of aged oocytes gives rise to mice suffering from nervous and emotional abnormalities [7] as well as decreased reproductive fitness and longevity [8] . In vitro culture of matured oocytes also leads to oocyte aging [6, 9, 10] . Many experimental designs involve culture of matured oocytes before micromanipulation or insemination. The use of in vitro aged oocytes resulted in significant decrease in blastocyst rates following in vitro fertilization or intracytoplasmic sperm injection [11] . Rates of cell fusion and embryonic development of nuclear transfer embryos decreased significantly when aged oocytes were used for recipient cytoplasts [12] [13] [14] . Furthermore, methods for short-term preservation of mature oocytes would also be useful for transportation or for synchronization of the embryo stage to the surrogate mother. Thus, studies on the mechanisms and control of oocyte aging are important for both normal and assisted reproduction.
In addition, although long-term storage of oocytes by vitrification is possible [15] , it is not suitable for oocyte temporary storage pending manipulation/insemination because of the complicated pretreatment, freezing, and warming procedures. Oocyte developmental potential is often compromised after vitrification, and the cryoprotectants used may be toxic to oocytes [16, 17] . Furthermore, it was reported that the survival, fertilization rate, and embryonic development of mouse oocytes were adversely affected by the cryostorage duration in liquid nitrogen [17] and that oocyte aging should be avoided as much as possible following vitrification [18] . Thus, studies on the mechanisms and control of oocyte aging are also important for cryopreservation of mature oocytes.
The most prominent manifestations of postovulatory-aged oocytes include an increased susceptibility to activating stimuli (STAS) [19, 20] , a decrease in MPF activity [21, 22] , and changes in cortical granule (CG) distribution [23, 24] . In addition, postovulatory oocyte aging leads to apoptotic cell death. For example, the expression of the antiapoptotic protein BCL2 was gradually reduced during oocyte aging [25] [26] [27] . Fertilizationlike Ca 2þ responses induced by injection of sperm cytosolic factor triggered cell death, rather than activation, in aged oocytes. These oocytes exhibited extensive cytoplasmic and DNA fragmentation, a prominent decrease in the amounts of Bcl-2 mRNA and protein, and activation of protein caspases [25, 28, 29] . Furthermore, a recent study showed that apoptotic cumulus cells, in which BIM(EL) was upregulated, accelerated oocyte aging and degeneration in vitro via a paracrine action [30] .
It is known that cells generate reactive oxygen species (ROS) as by-products through normal metabolic activities [31, 32] . The increased intracellular ROS induces DNA fragmentation, plasma membrane damage, and ultimately cell death [33] . ROS-induced apoptosis was also observed in mammalian oocytes [34, 35] . Pyruvate prevents ROS-induced apoptosis in various types of somatic cells [36] [37] [38] [39] [40] by maintaining the glutathione (GSH) level [38] , increasing the ratio of anti-apoptotic molecule BCL2 or BCL2L1 (BCL-Xl) to proapoptotic molecule BAX [38, 39] , and by inhibiting the activation of caspase-3 [38, 40, 41] . The synthesis of GSH is dependent on ATP [42] , and the synthesized GSH cycles between the reduced and oxidized forms through the actions of GSH reductase and peroxidase. The peroxidase transfers electrons from reduced GSH to oxidized molecules within the cytoplasm, minimizing the actions of various oxidative stressors and producing oxidized GSH (GSSG) [43] . The cellular pool of GSH is maintained by reduction of GSSG to GSH by GSH reductase as well as further GSH synthesis. The reduction of GSSG requires NADPH, a product formed from pyruvate metabolism via the tricarboxylic acid cycle. Therefore, pyruvate inhibits cell apoptosis by both providing ATP and maintaining the redox potential.
Hypothermia downregulates cell metabolism [44] and thus reduces ROS production [45, 46] . Mild hypothermia was found to protect against cerebral ischemia by inhibiting postischemia apoptosis [47] and also to have a specific inhibiting effect on cell apoptosis after diffuse brain injury in rats [48] . The ischemic condition during ovary transport can lead to various adverse changes in follicles, including a lack of oxygen, accumulation of metabolin, decrease of glucose concentration, and increase of the apoptosis index in granulosa cells [49] [50] [51] [52] . It was reported that cooling bovine ovaries to 108C, 158C, or 258C is beneficial to the developmental competence of oocytes after in vitro fertilization or somatic nuclear transfer [53] [54] [55] . Furthermore, reducing the culture temperature has been reported to increase the viability while decreasing apoptosis in various somatic cells [56] [57] [58] [59] .
Although our recent studies have demonstrated that pyruvate supplementation prevented oocyte aging in vitro by maintaining the energy supply and redox potential [26, 60] , the oocyte potential of blastocyst formation after fertilization or parthenogenetic activation was protected for only 6 h in those studies with sufficient (10 mM) pyruvate supplementation. Our hypothesis was that oocyte aging could be prevented for a longer time by reducing the culture temperature in combination with sufficient pyruvate supplementation. The objective of the present study was to test this hypothesis in order to gain new insights into the mechanisms for oocyte aging and to establish a method for temporary preservation of mature oocytes.
MATERIALS AND METHODS
The chemicals and reagents used in this study were purchased from Sigma Chemical Co. unless otherwise specified.
Oocyte Recovery
Mice of the Kunming breed were kept in a room with 14L:10D cycles, with the dark stage starting from 2000 h. The animals were handled by the rules stipulated by the Animal Care and Use Committee of Shandong Agricultural University. Female mice, 6-8 wk after birth, were induced to superovulate with 10 international units (IU) intraperitoneally (ip) equine chorionic gonadotropin (eCG) followed 48 h later by 10 IU ip human chorionic gonadotropin (hCG). Both eCG and hCG used in this study were from Ningbo Hormone Product Co., Ltd. The superovulated mice were killed 13 h after hCG injection, and the oviductal ampullae were broken in M2 medium (94. 66 
Oocyte Activation
Our routine work shows that whereas ethanol treatment is a weak stimulus that activates only those oocytes that aged and causing MPF to decrease to some extent, the Sr 2þ treatment activated both aged and freshly ovulated oocytes effectively. However, parthenotes developed better after Sr 2þ treatment than after ethanol activation. Thus, ethanol stimulus was used to evaluate oocytes' STAS, and the Sr 2þ stimulus was used to assess oocytes' potential of development in the present study.
Before treatment, oocytes were denuded of cumulus cells by pipetting in M2 medium containing 0.1% hyaluronidase. For ethanol activation, oocytes were first treated with 5% (v/v) ethanol in M2 medium for 5 min at room temperature, then washed three times, and cultured in regular CZB [62] (with 0.27 mM pyruvate but no glucose) containing 2 mM 6-dimethylaminopurine for 6 h at 37.58C in a humidified atmosphere of 5% CO 2 in air [20] . At the end of the culture, oocytes were observed under a microscope for activation. Only those oocytes that had one or two pronuclei, or two cells each having a nucleus, were considered activated. The activating medium used for Sr 2þ activation was Ca 2þ -free CZB medium supplemented with 10 mM SrCl 2 and 5lg/ml cytochalasin B [63] . After being washed twice in M2 medium and once in the activating medium, the oocytes were incubated in activating medium for 6 h. At the end of incubation, the oocytes were examined for activation and were considered activated when each contained one or two well-developed pronuclei.
In Vitro Fertilization
Masses of dense sperm were collected from the cauda epididymis of fertile male mice and were placed at the bottom of a test tube containing T6 medium (114 mM NaCl, 3.2 mM KCl, 0.5 mM MgCl 2 Á 6H 2 O, 2 mM CaCl 2 Á 2H 2 0, 0.4 mM NaH 2 PO 4 Á 2H 2 0, 25 mM NaHCO 3 , 10 mM HEPES, 10 mM lactate, 0.5 mM pyruvate, 5.56 mM glucose, 0.01 g/L phenol red, pH = 7.8) supplemented with 10 mg/ml BSA. After 3-5 min, the supernatant containing highly motile spermatozoa was removed and capacitated in the same medium under mineral oil at 37.58C for 1.5 h. After being washed in the fertilization medium (T6 containing 20 mg/ml BSA), oocytes were placed in fertilization drops (around 30 oocytes per 100-ll drop). Capacitated sperm were added to the fertilization drops to give a final sperm concentration of about 1 3 10 6 /ml. Oocytes were observed under a stereomicroscope for fertilization at 6 h after insemination. Oocytes showing two pronuclei and two polar bodies were considered fertilized.
Embryo Culture
Activated and fertilized oocytes were cultured for 4 days in regular CZB (20-30 oocytes per 100-ll drop) at 37.58C under humidified atmosphere with 5% CO 2 in air. Glucose (5.5 mM) was added to CZB when the embryos were cultured beyond 3-or 4-cell stages.
Embryo Transfer
Female mice of 8-10 wk old (28-35 g of body weight) were paired with vasectomized males to allow mating. The females were checked for vaginal plugs the next morning, and those showing a vaginal plug were used for pseudopregnant recipients. Embryo transfer to the oviduct was conducted on Day 0.5 postcoitus. A total of 8-10 embryos at the 2-cell stage from each experimental group were surgically transferred into the right oviduct of the pseudopregnant recipients under general anesthesia as described [64] . The average volume of the medium, including the embryos transferred, was 0.2 ll per recipient. Embryo transfer to the uterus was done on Day 2.5 postcoitus. Fifteen blastocysts were transferred to each recipient, seven or eight embryos per uterine horn. After the embryo transfer, the recipients were housed singly in cages until parturition.
Immunofluorescence Microscopy
The procedures were conducted at room temperature unless otherwise specified. Oocytes were washed in M2 between treatments. Oocytes were 1) LI ET AL.
fixed with 4% paraformaldehyde in the PHEM buffer (60 mM Pipes, 25 mM Hepes, 10 mM ethylene glycol tetraacetic acid, and 4 mM MgSO 4 , pH 7.0) for at least 30 min; 2) treated for 15 min in 1% Triton-X 100 in PHEM; and 3) blocked in PHEM containing 1% BSA and 100 mM glycine at 48C overnight. Blocked oocytes were incubated at 378C for 1 h in PHEM containing fluorescein isothiocyanate (FITC)-conjugated anti-a-tubulin monoclonal antibodies (1:50) to stain the tubulin, for 1 h in 100 lg/ml of FITC-labeled lens culinaris agglutinin in M2 to stain the CGs, or for 5 min in M2 with 10 lg/ml Hoechst 33342 to stain the chromosomes. To stain BCL2, blocked oocytes were incubated with a rabbit anti-BCL2 polyclonal antibody (1:100; Merck KGaA) for 1 h at room temperature, followed by incubation with 1:200 dilution of a secondary goat anti-rabbit immunoglobulin G conjugated with Cy3 (1:800; Jackson ImmunoResearch). Stained oocytes were observed with a laser scanning confocal microscope. Blue diode (405 nm), argon (488 nm), and helium/neon (543 nm) lasers were used to excite Hoechst, FITC, and Cy3, respectively. Fluorescence was detected with bandpass emission filters: 420-480 nm for Hoechst, 505-540 nm for FITC, and 560-605 nm for Cy3, and the captured signals were recorded as blue, green and red, respectively.
The relative content of BCL2 was quantified by measuring fluorescence intensities. To ensure that oocytes from different treatments were equally treated during specimen preparation, oocytes from two different treatments were always processed and mounted on the same slide together with freshly ovulated control oocytes following different periods of fixation. For each experimental series, all the images were acquired with identical settings. The relative intensities were measured on the raw images using Image-Pro Plus software (Media Cybernetics Inc.) under fixed thresholds across all the slides. The intensity values of freshly ovulated control oocytes were arbitrarily set as 100%, and the other values were expressed relative to this quantity.
Assay for Intracellular Glutathione
The intracellular content of GSH was measured as described by Funahashi et al. [65] with modifications. Cumulus-free oocytes were washed three times in M2 medium. Five microliters of distilled water containing 35-40 oocytes was transferred to a 1.5 ml microfuge tube, and then 5 ll of 1.25 M phosphoric acid were added to the tube. Samples were frozen at À808C and thawed at room temperature. This procedure was repeated three times. Then, the samples were stored at À808C until analyzed. Concentrations of total GSH (GSX) in the oocyte were determined by the 5,5 0 dithiobis-(2-nitrobenzoic acid) (DTNB)-GSSG reductase recycling assay. Briefly, 700 ll of 0.33 mg/ml NADPH in 0.2 M sodium phosphate buffer containing 10 mM ethylenediaminetetraacetic acid (stock buffer, pH 7.2), 100 ll of 6 mM DTNB in the stock buffer, and 190 ll of distilled water were added and mixed in a microfuge tube. Ten microliters of 250 IU/ml GSH reductase (G-3664) were added with mixing to initiate the reaction. The absorbance was monitored continuously at 412 nm with a spectrophotometer for 3 min, with reading recorded every 0.5 min. To measure the concentrations of GSSG, the samples (10 ll) were vigorously mixed with 0.2 ll of 2-vinylpyridine and 0.6 ll triethanolamine. After 60 min, the sample was assayed as described above in the DTNB-GSSG reductase-recycling assay. Standards (0.01, 0.02, 0.1, 0.2, and 1.0 mM) of GSX and a sample blank lacking GSX was also assayed. The amount of GSX in each sample was divided by the number of oocytes to get the intracellular GSX concentration per oocyte. The reduced GSX (GSH) values were calculated from the difference between GSX and GSSG for each oocyte and expressed as pmol/oocyte.
Data Analysis
In all the experiments but the one for embryo transfer, there were at least three replicates for each treatment. Data were arc sine transformed and analyzed with ANOVA; a Duncan multiple comparison test was used to locate differences. In the experiment for embryo transfer, independent samples Student t-tests were conducted to compare the in vivo development between control and preserved oocytes. The software used was SPSS 11.5 (SPSS Inc.). Data are expressed as mean 6 SEM, and P , 0.05 was considered significant.
RESULTS

Combined Effects of Culture Temperature and Pyruvate Supplementation on Ethanol Activation of Mouse Oocytes
The purpose of this experiment was to evaluate oocyte's STAS by observing oocyte ethanol activation rates. Freshly ovulated oocytes were cultured in HCZB medium containing various concentrations of pyruvate at various temperatures for various times before assessment for ethanol activation. Overall, at the same culture temperature, oocyte sensitivity to ethanol stimulation increased with culture time but decreased with increasing pyruvate concentrations (Fig. 1) . Oocyte sensitivity to ethanol also decreased with decreasing culture temperatures from 378C to 158C, but activation rates were significantly higher after culture at 58C than at 158C for the same duration and at the same pyruvate concentration.
Effects of Culture Temperature and Duration on Embryo Development In Vitro after Sr 2þ Activation of Mouse Oocytes
The above experiment showed that some of the culture conditions could efficiently inhibit oocyte's increase in STAS. The objective of this and the following experiment was to test whether these conditions could maintain oocyte developmental potential as well. Freshly ovulated oocytes were first cultured for various times at various temperatures in HCZB medium containing 10.27 mM pyruvate and then treated with SrCl 2 for activation. Because oocytes were not activated by Sr 2þ treatment immediately following preservation at 15 or 58C, oocytes were Sr 2þ treated after a 6-h recovery culture following preservation at these two temperatures. For recovery culture, oocytes were cultured at 378C in regular CZB containing 0.27 mM pyruvate. Activation rates after Sr 2þ treatment were high (88% to 97%) and did not differ between different preservation regimens (data not shown). Blastocyst rates of over 60% were achieved after oocyte preservation at 258C for 24 h, 158C for 36 h, and 58C for 24 h (Fig. 2) .
Effects of Culture Temperature and Duration on Embryo Development In Vitro and In Vivo after Fertilization In Vitro of Mouse Oocytes
Freshly ovulated oocytes were preserved for various times at various temperatures in HCZB containing 10.27 mM pyruvate before insemination and embryo culture. Fertilization rates after preservation with most of the protocols (from 79% to 84%) did not differ from that achieved in control oocytes inseminated before preservation (87%), but the fertilization rate decreased significantly after oocyte preservation at 58C for 48 h (73%). Acceptable rates (about 80%) of blastocysts were observed after oocyte preservation at 258C for 24 h, 158C for 36 h, and 58C for 24 h (Fig. 3) .
To test the in vivo developmental potential of preserved oocytes, embryo transfer was conducted. Two-cell embryos or blastocysts derived from in vitro fertilization of oocytes preserved for 36 h at 158C were transferred to the oviducts or uteri, respectively, of pseudopregnant recipients. Two-cell embryos or blastocysts derived from in vitro fertilization of freshly collected oocytes without preservation were also transferred to serve as controls. No significant difference (P .0.05) was observed between control and preserved oocytes in either percentage term pregnancy, live young per pregnant recipient, percentage live young/transferred embryos, or birth weight of the young (Table 1) .
Effects of Culture Temperature and Duration on Morphology of Spindles and Chromosomes of Mouse Oocytes
Newly ovulated oocytes were preserved at various temperatures for various durations in HCZB containing 10.27 mM pyruvate, and preserved oocytes were processed for confocal CONTROL OF POSTOVULATORY OOCYTE AGING observation of spindle and chromosome morphology with or without a 6-h recovery culture. Six types of spindle/ chromosome morphology were observed: tine pole or barrelshaped spindles with chromosomes congressed on the metaphase plate; disintegrated spindles with congressed or scattered chromosomes; and spindle disappearance with congressed or scattered chromosomes (Fig. 4) . When observed before recovery culture (BR), only oocytes preserved at 378C for 6 h showed normal morphology of spindles/chromosomes as observed in freshly ovulated oocytes. Whereas most of the oocytes preserved at 258C had disintegrated spindles and scattered chromosomes, most of the oocytes preserved at 158C or 58C showed no spindles but congressed chromosomes. When observed after recovery culture (AR) following preservation, however, most of the oocytes regained normal morphology of tine pole spindles and congressed chromosomes except for about 10% of the oocytes cooled at 58C for 48 h that failed to recover from disintegrated spindles and scattered chromosomes.
Effects of Culture Temperature and Duration on Distribution of CGs and Chromosomes of Mouse Oocytes
Newly ovulated oocytes were preserved at various temperatures for various durations in HCZB containing 10.27 mM pyruvate, and the preserved oocytes were processed for confocal observation of CG and chromosome distribution with or without a 6-h recovery culture. Six patterns of CG/ chromosome distribution were observed: normal CG distribution with congressed (Fig. 5A) or scattered (Fig. 5B) chromosomes; early (e-) migration of CGs inward and toward the vegetal pole with congressed (Fig. 5C) or scattered (Fig.  5D ) chromosomes; and late (l-) migration of CGs with congressed (Fig. 5E) or scattered (Fig. 5F ) chromosomes. When observed without recovery culture (BR), few of the oocytes preserved at 378C underwent CG migration (Fig. 5) . Whereas about half of the oocytes preserved at 258C were at the early or late stage of CG migration, most of the oocytes preserved at 158C suffered from late CG migration. The degree FIG. 1. Ethanol activation after freshly ovulated mouse oocytes were cultured in HCZB medium containing different concentrations of pyruvate at various temperatures for various times. Values with a common letter above their bars do not differ (P . 0.05) within temperature groups. Each treatment was repeated three to four times, and each replicate contained about 30 oocytes. Initially, durations starting from 6 h were also tested for each culture temperature, but only those durations showing that activation rates began to rise were listed to simplify the figure. LI ET AL.
of CG migration in oocytes preserved at 58C was in between those of oocytes preserved at 158C and 258C. Whereas most of the oocytes were restored to normality of CG distribution AR, some oocytes preserved at 158C for 96 h and at 58C for 48 h remained at the early or late stage of CG migration. Chromosome distribution after preservation with different protocols followed the same pattern as observed with spindle morphology (Fig. 4) .
Relative Contents of BCL2 in Mouse Oocytes Following Preservation with Different Protocols
Whereas the freshly ovulated control oocytes were heavily stained, oocytes after preservation at 158C for 96 h were moderately labeled with BCL2 antibodies (Fig. 6, A and B) . The relative BCL2 contents were quantified by measuring fluorescence intensities in confocal images. The average fluorescence of total control oocytes was set as 100%, and the averages of oocytes in other treatments were expressed relative to this value. When observed immediately after preservation, whereas BCL2 levels remained high in oocytes preserved at 378C for 6 h or at 258C for 24 h, those in oocytes preserved at 158C for 36 h or at 58C for 24 h decreased significantly (Fig. 6C) . Oocyte BCL2 content further declined significantly after preservation at 158C for 96 h or at 58C for 48 h. Whereas BCL2 levels in oocytes preserved at 158C for 36 h and at 58C for 24 h returned to normal, those in oocytes preserved at 158C for 96 h and at 58C for 48 h did not show any improvement after the recovery culture. The results suggest that oocyte BCL2 levels decreased with increasing duration but with decreasing temperature of preservation. Thus, while the level of BCL2 in oocytes preserved at 58C was significantly lower than that of oocytes preserved at 258C for the same duration of 24 h, the BCL2 level of oocytes preserved for longer periods was significantly lower than that of oocytes preserved for shorter periods at the same temperature of either 158C or 58C. The recovery culture could restore BCL2 levels after a mild decrease, but it could not do so after a severe loss.
Effects of Preservation Temperature and Duration on Intraoocyte GSH Concentration of Mouse Oocytes
Newly ovulated oocytes were preserved at various temperatures for various durations in HCZB containing 10.27 mM pyruvate and were assayed for intraoocyte GSH either immediately following preservation or after a recovery culture. Whereas preservation temperature had no significant effect, both GSX concentration and GSH/GSSG ratio decreased significantly with increasing durations of preservation. Thus, while neither GSX concentration nor GSH/GSSG ratio changed significantly after preservation for less than 36 h, both decreased significantly when preservation was extended AGING FIG. 4 . Morphology of meiotic spindles/chromosomes before (BR) or after (AR) a 6-h recovery culture following newly ovulated oocytes were preserved for various times at various temperatures in HCZB containing 10.27 mM pyruvate. In the confocal images, DNA and a-tubulin were pseudocolored blue and green, respectively. Bar ¼ 20 lm. A and B) Oocytes are shown with tine pole and barrel-shaped spindles, respectively, both with chromosomes congressed on the metaphase plate. C and D) Oocytes are shown having disintegrated spindles with congressed and scattered chromosomes, respectively. E and F) Oocytes are shown with spindles disappeared with congressed and scattered chromosomes, respectively. The bar graph underneath each image displays the percentages of oocytes with the spindles/chromosomes morphology shown in the image following preservation with different protocols. Values with a common letter above their bars do not differ (P . 0.05). Freshly ovulated oocytes were observed without preservation to serve as controls (C). Each treatment was repeated three to four times, and each replicate contained about 25-30 oocytes. For recovery culture, oocytes were cultured at 378C in regular CZB containing 0.27 mM pyruvate.
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FIG. 5. Cortical granule/chromosome distribution before (BR) or after (AR) a 6-h recovery culture following newly ovulated oocytes were preserved for various times at various temperatures in HCZB containing 10.27 mM pyruvate. In the confocal images, the DNA and CGs in oocytes were pseudocolored blue and green, respectively. Bar ¼ 20 lm. A and B) Oocytes are shown with normal distribution of CGs but with congressed and scattered chromosomes, respectively. C and D) Oocytes are shown at the early stage of CG migration inward and toward the vegetal pole with congressed and scattered chromosomes, respectively. E and F) Oocytes are at the late stage of CG migration with congressed and scattered chromosomes, respectively. The bar graph underneath each image displays the percentages of oocytes with the CG/chromosome distribution shown in the image following preservation with different protocols. Values with a common letter above their bars do not differ (P . 0.05). Freshly ovulated oocytes were observed without preservation to serve as controls (C). Each treatment was repeated three to four times, and each replicate contained about 25-30 oocytes. For recovery culture, oocytes were cultured at 378C in regular CZB containing 0.27 mM pyruvate.
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to 48 h ( Table 2 ). The GSX concentration and GSH/GSSG ratio decreased further by 96 h of preservation.
DISCUSSION
The two important marks for successful prevention of aging of mature oocytes are to maintain their meiotic arrest at the MII stage and to protect their developmental potential efficiently. Whereas oocytes' release from the MII arrest is usually evaluated by their increase in STAS, their developmental potential is assessed by observing in vitro and in vivo development. In the present study, the weaker ethanol stimulus was used to evaluate oocytes' STAS, while the stronger Sr 2þ stimulus was adopted to assess oocytes' potential of development. The results showed that at the same culture temperatures and for the same durations, oocyte ethanol activation rates decreased with increasing pyruvate concentrations from 0.27 to 5.27 mM, and at the same pyruvate concentrations and for the same culture durations, activation rates decreased with decreasing preservation temperatures from 378C to 158C. This suggests a combined inhibitory effect of pyruvate and low temperature on oocyte's STAS. However, when oocytes were preserved with the same level (10.27 mM) of pyruvate, whereas the increase in STAS was prevented only for 6 h at 378C, it was efficiently inhibited for 24 h at 258C, for 96 h at 158C, and for 48 h at 58C. This suggests a greater role for low temperature than for pyruvate supplementation in preventing meiotic resumption. It has long been known that the mitotic cycle in somatic cells is prolonged by a reduction in temperature and shortened by an appropriate increase in temperature [66] . However, we do not know why the STAS of mouse oocytes was higher after preservation at 58C than at 158C.
The present results showed that at the same culture temperature and for the same duration, oocyte ethanol activation rates did not differ between 5.27 and 10.27 mM pyruvate. Our previous study has also shown that oocyte activation rates did not differ after culture for 6 h with 10 or 20 mM pyruvate [26] . However, our observation indicated that rates of parthenogenetic blastocysts were significantly higher after preservation of mouse oocytes with 10.27 mM than with 5.27 mM pyruvate either at 378C for 12 h or at 258C for 24 h (data not shown). Therefore, whereas 5.27 mM pyruvate is an optimal concentration to inhibit oocyte's increase in STAS, more pyruvate is needed to protect oocyte developmental potential.
In this study, satisfactory blastocyst development was achieved when oocytes were stored in HCZB supplemented with 10.27 mM pyruvate at 378C for 6 h, 258C for 24 h, 158C for 36 h, and 58C for 24 h. Embryo transfer showed no difference between newly ovulated control oocytes and oocytes FIG. 6 . Relative levels of BCL2 in mouse oocytes before or after recovery culture following preservation with different protocols. A and B) Photographs were taken under a laser confocal microscope at magnification 3100. Newly ovulated control oocytes are heavily labeled with anti-BCL2 antibodies (A), and oocytes are moderately labeled with BCL2 antibodies after preservation at 158C for 96 h (B). C) Relative levels of BCL2 in newly ovulated control (C) oocytes and preserved oocytes are shown before (BR) or after (AR) recovery culture following preservation at 378C for 6 h (37C6h), 258C for 24 h (25C24h), 158C for 36 h (15C36h) or 96 h (15C96h), or at 58C for 24 (5C24h) or 48 h (5C48h). The average fluorescence of total control oocytes was set as 100%, and the averages of oocytes in other treatments were expressed relative to this value. Each treatment was repeated three times and each replicate contained about 25-30 oocytes. Values with a common letter above their bars do not differ (P . 0.05). preserved at 158C for 36 h in either term pregnancy, live young per pregnant recipient, live young/transferred embryos, or birth weight of young. Because oocytes preserved at 158C for 36 h were fertilized after a 6-h recovery culture, we thus have successfully preserved ovulated mouse oocytes for 42 h without impairing developmental potential. Wakayama et al. [67] produced live young after storage of ovulated mouse oocytes at 278C for 24 h, but their rates of fertilization (43%) and morulae/blastocysts (42%) following in vitro fertilization of stored oocytes were lower than those we obtained after preservation at 258C for 24 h (83% and 77%, respectively). Furthermore, their intracytoplasmic sperm injection experiment showed that the developmental competence of the stored oocytes was markedly compromised compared to freshly ovulated oocytes. Thus, the present paper is the first report that ovulated oocytes were preserved for 42 h without impairing developmental potential.
In the present study, oocytes with impaired developmental potential after preservation at 158C for 96 h and at 58C for 48 h showed unrecoverable decreases in GSH contents, GSH/GSSG ratio, and BCL2 concentration, and in the numbers of oocytes with normal spindles and CG distribution. A decrease in GSH contents and GSH/GSSG ratio is equated with oxidative stress because it is known that GSH/GSSG is the main redox buffer and the GSH/GSSG ratio is a very important indicator of the redox status of the cell [68, 69] . Spindle disruption [9, 70] and CG inward migration [23] were reported in aging oocytes. Whereas spindle disruption indicates microtubule alterations, CG migration suggests microfilament disturbance because peripheral CG migration is controlled by the microfilaments [71] . It is well known that oxidative stress induces apoptosis in various cell types, and ROS induced-apoptosis has been observed in mammalian oocytes [34, 35] . Furthermore, there are considerable data that the plant and animal cytoskeleton is reorganized in response to apoptosis signaling, with remodeling of both microtubules and microfilaments taking place [72, 73] . Taken together, the present results suggested that preservation of mouse oocytes at 158C for 96 h and at 58C for 48 h induced oxidative stress, which caused oocyte apoptosis and cytoskeleton alterations by downregulating BCL2.
Because cytoskeletal alterations also may have an active role in the initiation and regulation of cell apoptosis [72, 73] , however, it is also possible that cooling induced apoptosis by disrupting cytoskeleton and downregulating BCL2. This possibility was supported by the present result where oocytes preserved at 258C for 24 h showed fewer alterations of their spindles and CGs but higher BCL2 levels than oocytes preserved at 58C for the same period when observed immediately after preservation. As reviewed by Leadsham et al. [74] , the availability of an appropriate amount of dynamic actin is an important factor in the commitment to apoptosis. For example, the stabilization of F-actin by addition of the drug jasplakinolide was shown to induce apoptosis in Jurkat T cells, accompanied by an increase in caspase-3 activation [75, 76] . The application of cytochalasin D to destabilize F-actin structures was also shown to induce rapid cytochrome c release from mitochondria, caspase activation, and apoptosis in murine cell lines [77] . In the present study, a decrease in the number of oocytes with normal CG distribution was always associated with reduced BCL2 levels both before and after the recovery culture of oocytes preserved at 158C for 96 h and at 58C for 48 h.
As mentioned above, with similar preservation conditions, the developmental potential of ovulated mouse oocytes were much better maintained in the present study than in the study reported by Wakayama et al. [67] . A major difference between the two studies was that high concentrations of pyruvate were used in the present study. Our previous observations on CGs distribution, level of BCL2 proteins, histone acetylation, intracellular concentration of GSH, and embryo developmental potential all confirmed that supplementation with 10 mM pyruvate to regular CZB medium that contained 0.27 mM pyruvate significantly inhibited aging of ovulated mouse oocytes [26] . Furthermore, our study on the mechanisms by which cumulus cells regulate oocyte postovulatory aging indicated that glucose metabolism in cumulus cells prevented oocyte aging by producing pyruvate and NADPH through glycolysis and the pentose phosphate pathway [60] . Taken together, the data suggested that pyruvate supplementation prevented oocyte aging in vitro by maintaining both energy supply and redox potential.
In summary, studies on the mechanisms and control of oocyte aging are important both for healthy reproduction and for assisted reproduction techniques. Although long-term storage of oocytes by vitrification is possible, it is not suitable for oocyte temporary storage pending manipulation/insemination because of its complicated procedures. Methods for temporary preservation of mature oocytes are thus urgently needed for research and clinical applications. However, no efficient protocol has been reported. We have successfully preserved ovulated mouse oocytes for 36 h at 158C and for 24 h at 258C and 58C without impairing developmental potential. This means that mature oocytes can be preserved at room temperature or in a refrigerator, at your choice. Our further observations suggested that in vitro preservation of ovulated oocytes induced oxidative stress, which caused oocyte apoptosis and cytoskeleton alterations by downregulating BCL2. Thus, whereas pyruvate protected the oocyte from oxidative stress by regulating both the intracellular redox status and energy supply [60] , hypothermia prevented oxidative stress by downregulating cell metabolism [44] and thus reducing ROS production [45, 46] . However, partial or complete disassembly of microtubules in the spindle was observed when oocytes were cooled to room or lower temperature [78] [79] [80] [81] [82] [83] , and species-specific differences were found in the recovery of spindle after the oocytes were rewarmed. Thus, whereas most of the mouse oocytes reorganized spindles normally [84] , spindles of human [82, 85] , bovine [81] , and sheep oocytes [78] exhibited only a limited recovery after cooling-rewarming treatment. Oocyte mitochondria produce most of the ATP by oxidative phosphorylation [86, 87] , and they are important in regulating apoptosis [88] , calcium signaling [89] , and ROS. Different variations on the pattern of mitochondrial aggregation occur during oocyte maturation of different species [90] [91] [92] [93] . Therefore, cytoskeletal dynamics differ significantly in different mammalian systems and may show different dynamics during pyruvate and cold-treatment applications. The speciesspecific differences in mitochondria distribution may also affect cellular metabolism that may need adjustments when comparing data obtained for the mouse. These factors must be considered when formulating protocols for long-term nonfrozen preservation of mature oocytes in human and other species.
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